Ig class switch recombination (CSR) is initiated by activationinduced cytidine deaminase (AID) mediated deamination of the switch (S) regions; the resultant mismatch is processed to yield the DNA breaks required for recombination. Whereas many of the pathways involved in the mechanism of recombination have been identified, little is known about how CSR is regulated. AID action is known to require transcription of the Ig heavy-chain genes. However, it is not understood how AID is restricted to the Ig genes. Many aspects of gene expression are known to be regulated by modification of chromatin structure. In turn, chromatin is known to be regulated by several RNA-dependent activities. We have mapped the transcriptional and chromatin landscape of the human Ig heavy-chain locus to investigate the effect these activities have on CSR. We demonstrate that the Ig heavy-chain constant genes and 3-regulatory regions are in an active chromatin conformation in unstimulated total human B cells: the locus undergoes both genic and intergenic transcription and possesses histone modifications associated with ''active'' chromatin (acetylated H3 and H4 and lysine 4 trimethylated H3). However, on cytokine stimulation, these modifications spread into the S regions, demonstrating a chromatin remodeling activity associated with switching. Surprisingly, after stimulation, the S regions also accumulate lysine 9 trimethylated H3, a modification previously associated with gene silencing. These data demonstrates that the Ig locus is maintained with a complex pattern of both positive and negative histone marks and suggest that some of these marks may have dual functions.
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human B cells ͉ immunoglobulin class switching ͉ chromatin T he vertebrate immune system generates an enormous diversity of antibody specificities and effector functions. To achieve this diversity, B cells undergo two somatic DNA recombination events, assembling functional Igs from an array of variable (V), diversity (D), joining (J), and constant (C) region gene segments. In the developing B cell V(D)J recombination assembles the variable regions of the Ig heavy-chain (IgH) and light-chain genes, determining antigen specificity. On activation, mature B cells can undergo CSR, linking the IgH variable regions with one of the downstream heavy-chain C (CH) genes, altering the effector function of the antibody (1) .
All CH genes, except C␦, are preceded by a short intervening (I) or germ-line exon, upstream of a 2-10 kb, GC rich, S region. Before recombination, the CH genes undergo a sterile transcription event (2) , driven by promoter sequences located upstream of the I exons. The resultant germ-line transcripts (GLTs) are spliced, removing the S region sequences, to join the I exon to the CH exons (3). It is now widely accepted that the enzyme AID transforms cytidines to uridine in the transcribed S regions (4) (5) (6) . The resultant mismatch is resolved by the base excision or mismatch repair pathways, generating the DNA breaks required for CSR. These DNA breaks are processed by the nonhomologous end-joining pathway (7), recombining the S regions of two CH genes, excising the intervening DNA (8) , and linking the variable region to the new C region.
Mammalian S regions contain a high proportion of WRC motifs, the favored sites of AID action. However, AID is only able to deaminate single-stranded DNA (9) . It has been known for many years that transcription of the S regions, occurring during the production of GLTs, is required for CSR (10) . It now seems likely that ''R-loops,'' DNA/RNA hybrids between the template DNA strand and the GLT, form during germ-line gene transcription (11, 12) , stabilizing a single-stranded substrate for AID on the nontemplate strand. This property makes the transcribed S regions ideal substrates for AID activity, and contributes toward its specificity for the Ig genes. However, AID can also deaminate single-stranded DNA found in ''transcription bubbles'' by its interaction with replication protein A (13), yet AID activity has only been detected at a few non-Ig genes, including BCL6 (14) , , and B29 (16) . Additional levels of control must restrict AID action primarily to the Ig genes.
Chromatin structure impacts on, and likely regulates, most aspects of gene expression. Several RNA-dependent mechanisms are now known to regulate the structure chromatin forms over a gene. Intergenic transcription has been detected at several multigene loci such as the ␤-globin locus (17, 18) and IL-4/IL-13 cytokine cluster (19, 20) and has recently been implicated in the regulation of VDJ recombination (21, 22) . It is believed that these transcripts function to establish and maintain domains of modified histones over these loci. Also, recent studies in Schizosaccharomyces pombe have shown that transcripts capable of forming RNA duplexes may be connected with RNAi suppression mechanisms and heterochromatin formation (23) . Chromatin structure also contributes to the regulation of CSR. After stimulation of germ-line transcription in mice, histones H3 and H4 have been shown to be acetylated at the I exon promoters and S regions (24) (25) (26) . However, to our knowledge the involvement of specific histone methylation events and the distribution of these modifications in the human locus have not been investigated. We previously demonstrated that in humans, the CH genes are in an ''accessible'' chromatin conformation before CSR (27) . We have now extended this analysis, examining the distribution of genic and intergenic transcripts and histone modifications across the C region and 3Ј-regulatory regions of IgH locus in human B cells stimulated to initiate CSR.
Results
The Ig Heavy-Chain Locus Is Constitutively Transcribed. Transcription across the C region and 3Ј-regulatory regions of the human IgH locus was quantified by analyzing steady state transcript levels by qRT-PCR (Fig. 1A) . Primers were designed to detect transcripts at specific regions across the locus [ Fig. 1C and supporting information (SI) Table S1 ]. However, the locus contains multiple sequence homologies surrounding the IgG genes and 3ЈC␣1 and 3ЈC␣2 enhancers, preventing the design of specific primers in these regions: primer set I was 100% homologous for both the C␣1 and C␣2 enhancers, preventing differentiation between these two sequences. Similarly, primer sets D, E, F, G, and H amplified sequences surrounding the IgG genes with very few mismatches and, thus, could not distinguish among the four IgG isotypes. Transcription was analyzed in total B cells assayed immediately after isolation and after 48-h culture with IL-4/anti-CD40 stimulation, previously shown to induce CSR to IgG and IgE (27) , and compared with fibroblasts. Under these conditions, circle transcripts and DNA breaks are first detected at this time, demonstrating the initiation of recombination to IgG and IgE (D.J.F., unpublished result). Fig. 1 A shows the mean results from four donors. In both freshly isolated and stimulated B cells transcript levels over the enhancer (primer set A) and a region 1.2 kb 3Ј of C␦ (set B) were Ϸ100-fold higher than across the rest of the locus (P Ͼ 0.001). Transcript expression was remarkably uniform across the remaining regions, irrespective of their genic or intergenic origin; however, transcripts significantly decreased 5Ј of the ELK22 pseudo gene (set P) (P ϭ 0.02). Transcript levels were not significantly affected by IL-4/anti-CD40 stimulation, except at sequences surrounding the gene (set K and L): transcripts over the I promoter (set K) increased 5-fold (P ϭ 0.03), whereas transcripts over the I exon (set L) increased 150-fold after stimulation (P ϭ 0.03). Conversely, transcripts over the intergenic region between IgD and IgG3 (set C) decreased Ϸ4-fold after stimulation. Transcript expression was detectable in fibroblasts at some regions across the locus. However, the level of expression was highly variable (often not being detectable) and generally Ͼ10-fold below the level of expression seen in B cells. The presence of high levels of transcription across the locus in unstimulated B cells is evidence that, in humans, the region containing the IgH constant genes (spanning from the enhancer to the 3Ј␣2 enhancer) is maintained in an accessible chromatin conformation.
Sense and Antisense Transcription Is Detected Across the Ig Heavy-
Chain Locus. The direction of transcription across the C region and 3Ј-regulatory regions was determined by employing strandspecific priming of a reverse transcription (RT) reaction. Oligonucleotides that annealed to RNA produced in either a sense or antisense direction were used to synthesize strand-specific cDNA (Fig. 1B) . The amount of cDNA produced in the sense and antisense reactions was determined by qRT-PCR and compared with cDNA produced in the absence of primers, a measure of the amount of self-priming of the RT reaction by RNA fragments. Fig. 1B shows the proportion of transcription originating from the sense or antisense strands, compared with self-priming, from B cells isolated from three donors and cultured as described above. It should be noted that the efficiency of the sense and antisense primed RT reactions may differ, therefore these results are only indicative of the degree of sense and antisense transcription across the locus. Similarly, a comparative study between the different primer sets cannot be made, because the efficiency of the differently primed RT reactions could not be assessed by using this method.
In Fig. 1B , transcription over the enhancer (set A), IgDIgG3 intergenic region (set C), and over the I␥ (set D) and I (set K) germ-line promoters was predominantly in the sense direction. However, transcription could be readily detected on both strands over the I exon (set L): the direction of transcription . Note that primers D, E, H, and I hybridize to multiple regions across the locus. All qRT-PCR assays were quantified against a standard sample of genomic DNA and normalized to the expression of ␤2-microglobulin; ␤2-microglobulin expression routinely had a Ct value four cycles less than primer set A, i.e., it was Ϸ16 times more abundant. Transcript expression level is shown on an arbitrary logarithmic scale, based on the genomic DNA standard used throughout. The mean results from total B cells isolated from the tonsils of four donors are shown; error bars show standard deviation. B cells were analyzed immediately after isolation (0 h) or after 48-h culture with IL-4/anti-CD40 (ϩ4/40). The signals from the ϪRT controls is superimposed onto the respective bars to demonstrate the amount of the signal originating from gDNA contamination. (B) Sense and antisense transcription across the Ig heavy-chain locus. The direction of transcription across the locus was determined by employing strand-specific priming of the RT reaction, followed by qRT-PCR analysis. The location of the Taqman primer sets used for this analysis, and orientation of sense/antisense transcription, are depicted on the diagram of the locus below the graph (C, not to scale). Note that primers D, E, H, and I hybridize to multiple regions across the locus. The proportion of transcription originating from the sense (S) and antisense (AS) strands is shown compared with self-priming in the absence of RT primers (NoP, white bars). Mean data are shown from B cells isolated from three donors analyzed immediately after isolation (Ϫ) or after 48-h culture with IL-4/anti-CD40 (ϩ). Error bars show SEM.
occurring over the I␥ exons and S regions could not be determined due to the high level of self-priming in these regions. Although considerable variation in the proportion of sense or antisense transcription over I (set L) was seen between the samples, robust bidirectional transcription was seen in all samples measured. In contrast, transcription from the intergenic regions between the IgG genes (set H), between IgE and IgA2 (set O), and surrounding the C␣ enhancers (sets I and J) was predominantly antisense. Despite the distinct directional bias at most locations, bidirectional transcription was detected at most regions and was particularly evident over I.
Both Repressive and Stimulatory Histone Modifications Exist at the Ig
Heavy-Chain Locus. A detailed analysis of histone modification patterns across the C region and 3Ј-regulatory regions of IgH was carried out by ChIP of native mononucleosomes and dinucleosomes isolated from total B cells, cultured as described above. The distribution of each histone modification was analyzed by qPCR, compared with the input DNA, and normalized to the mean efficiency of the immunoprecipitation (see Materials and Methods). Fig. 2 shows the distribution of each modification across the locus compared with CD22 (set Q), a constitutively expressed B cell gene (28) , and the -globin gene (set R), silenced in B cells. Mean data from four donors are shown.
Histones H3 and H4 are acetylated at regions of activated chromatin, where genes are transcribed (29) or are undergoing DNA repair (30) . In Fig. 2 , levels of H3 and H4 acetylation (AcH3 and AcH4) were constitutively high at genic (sets F, G, M, and N) and regulatory regions (sets A, D, I, and K) across the Ig locus but less abundant at intergenic regions (sets C, H, and O) and at the ELK2 pseudogenes (sets J and P). Histones H3 and H4 were acetylated at a high level over the I␥ (set D) and I (set K) germ-line promoters but were not significantly affected by IL-4/anti-CD40 stimulation; the increase in H3 acetylation seen at D was within the limits of the experimental error. In contrast, H3 and H4 acetylation increased over the S regions of the and ␥ genes (sets F and M) after stimulation: The increase in H3 acetylation at S␥ was within the limits of the errors; however, acetylation increased in three out of four individual experiments.
The regulatory regions of activated genes are also enriched for lysine 4 trimethylated histone H3 (H3 K4 3m) (31). In Fig. 2 , this modification was very abundant over the enhancer (set A), and to a lesser extent over the 3ЈC␣ enhancer (set I) after stimulation. The I␥ germ-line promoters (set D) and S regions (set F) were also found to be constitutively enriched for H3 K4 3m. Conversely, although S (set M) was enriched for this modification after stimulation, H3 K4 3m was poorly enriched at the I promoter (set K) and not significantly affected by IL-4/anti-CD40 stimulation. Together, these data support the conclusion that both the ␥ and genes are in a constitutively activated chromatin state but that further modification is associated with the addition of IL-4/anti-CD40.
Trimethylation of histone H3 at lysine 9 (H3 K9 3m) and lysine 27 (H3 K27 3m) has previously been associated with ''silenced'' genes and the formation of heterochromatin (31, 32) . In Fig. 2 , constitutive H3 K9 3m was seen at the intergenic regions (sets C, H, and O), ELK22 pseudogene (set P) and over the enhancer (set A). However, this mark was largely absent from the I␥ germ-line promoter (set D), although it was present at the I promoter (set K) after stimulation. Surprisingly, after IL-4/ anti-CD40 stimulation, levels of H3 K9 trimethylation rose over the ␥ and S regions (sets F and M) and C exons (sets G and N). Levels of H3 K27 3m across the locus were far lower, only 2-to 3-fold above the IgG controls at most locations. However, H3 K27 3m was enriched at the ELK2 pseudogenes (sets J and P), and showed a decrease from the Ig genes after stimulation. These data demonstrate that the Ig locus is maintained with a complex pattern of both positive and negative histone marks and suggests that some of these marks may have dual, antagonistic, functions.
Discussion
Within the last 10 years, much effort has been focused on elucidating the mechanisms of CSR, greatly expanding our understanding of this complex process. Despite this effort, to our knowledge it is still unclear how CSR is regulated and particularly how it is targeted to the Ig genes. For CSR to take place the Ig genes are subjected to transcriptional activation, RNA splicing, AID-dependent cytidine deamination, DNA strand breakage, recombination, and repair. Each of these events is likely to be accompanied by, and possibly regulated by, specific changes in chromatin structure. We have examined the transcriptional and epigenetic landscape of the C region and 3Ј-regulatory Histone modification patterns across the locus were analyzed by performing ChIP on mononucleosomes and dinucleosomes, recovered from micrococcal nuclease treated, native chromatin isolated from B cells immediately after purification (0 h) or after 48-h culture with IL-4/anti-CD40 (ϩ4/40). The distribution of each histone modification was determined by qPCR and normalized to the amount of ''input'' DNA and mean efficiency of the immunoprecipitation. Mean data are shown from total B cells isolated from four donors, errors bars show SEM. IP signal obtained from the IgG controls are shown in white. The location of the Taqman primer sets used for this analysis are depicted on the diagram of the locus below the graph (not to scale). Note that primers D, E, F, G, H, and I hybridize to multiple regions across the locus. Levels of H3 and H4 acetylation (AcH3 and AcH4), H3 trimethylated at lysine 4 (H3 K4 3m), histone H3 trimethylated at lysine 9 (H3 K9 3m), and lysine 27 (H3 K27 3m) are shown.
regions of the IgH locus in human B cells before and after stimulation of the early stages of CSR to investigate how these events may affect class switching.
The high level of constitutive transcript expression seen (Fig.  1A ) over the enhancer (set A) and a region 1.2 kb 3Ј of IgD (set B) correlates with the expression of the primary IgM-IgD transcript. However, although lower transcript levels are seen 3Ј of this region, expression is readily detected from both genic and intergenic sequences. Genome wide ''transcriptome'' analyses have previously demonstrated that the majority of the mammalian genome is transcribed to some extent (33, 34 ). Whereas it is undoubtedly possible to detect this ''transcriptional noise,'' the level of expression seen from the Ig locus in B cells is significantly higher than in fibroblasts (Fig. 1 A) , demonstrating that it is a B cell specific phenomenon and not the result of ''leaky'' transcriptional repression. We previously showed that in the majority of human B cells the CH genes undergo constitutive germ-line gene transcription (27) . These data build on our previous results, demonstrating that the C region and 3Ј-regulatory regions of IgH are constitutively accessible, at least to the transcriptional machinery, before cytokine stimulation. This finding is in contrast to data obtained from murine B cells where S region transcription is only detected after cytokine stimulation (35) . Although Perlot et al. (35) did not investigate intergenic transcription, it would appear that significant differences exist between the level of accessibility, and therefore regulation, of the locus in man versus mouse.
Transcription over the genic regions occurred predominantly on the sense strand, or was bidirectional in the case of I (Fig.  1B) . In contrast, transcription over the intergenic regions (sets H and O), 3ЈC␣ enhancers (set I) and ELK2 pseudogenes (set J) occurred predominantly in an antisense direction. Intergenic transcription, emanating from locus control regions (LCRs), is thought to regulate both the ␤-globin and human growth hormone loci (18, 36) . It is thought that the 3ЈC␣ enhancers may have LCR activity (37, 38) . Thus, the discovery of abundant antisense transcription in the vicinity of these enhancers may suggest that they influence locus wide chromatin structure by delivering RNA polymerase associated chromatin modifiers to the distal genes (39) .
In contrast to the rest of the locus, transcript levels decrease significantly over the ELK22 pseudogene (set P), approaching levels seen in fibroblasts (Fig. 1 A) . This region displays a markedly different pattern of histone modifications compared with the rest of the locus, showing elevated K27 and K9 trimethylation of histone H3 and reduced acetylation of H3 and H4 (Fig. 2) . This dramatic change suggests that this region represents the 3Ј end of the functional Ig locus chromatin domain, and raises the possibility that a boundary element may exist at this location, as has been suggested in the mouse (40) . Interestingly, the ELK21 pseudogene, 3Ј of the C␣1 gene, also displays elevated levels of H3 K27 trimethylation and reduced histone acetylation. This element may separate, and allow differential regulation of, the two duplicated halves of the human IgH locus.
Both sense and antisense transcripts are readily detected over the I exon (set L) (Fig. 1B) . It is likely that the amount of sense transcript is underestimated by this analysis due to it being spliced; therefore, the primary transcript will probably not accumulate in the cell. However, the detection of antisense transcripts may have important implications for the regulation of CSR. Single-stranded DNA, the substrate for AID, is thought to be exposed on the nontemplate strand by transcription, leading to the formation of R-loops (11, 12) . Antisense transcription would provide a means to produce single-stranded DNA, and subsequently DNA breaks, on the template strand. Although antisense transcription of the S regions does not form R-loops (41, 42), it would expose short regions of single-stranded DNA in the transcription bubble, sufficient for AID action (9) . Antisense transcripts have recently been detected over murine S regions (35) and chromosomal translocations (43) (44) (45) , strongly supporting their possible role in facilitating class switching.
To further investigate the chromatin environment across these regions of the IgH locus, ChIPs were performed to investigate the distribution of various histone modifications associated with either activated or silenced chromatin (Fig. 2) . The and 3ЈC␣ enhancers were found to contain high levels of acetylated H3 and H4 and H3 trimethylated at lysine 4 (H3 K4 3m), modifications also associated with the germ-line promoters; however, these modifications were depleted at the intergenic regions. The distribution of these modifications correlated with their reported genomic distributions (31, 46, 47) . However, their abundance in the unstimulated cells, particularly at the IL-4/anti-CD40 responsive I promoter, is further evidence that in these cells the locus is in a constitutively accessible, and at least partially activated, conformation. The absence of H3 K4 3m at the I but not I␥ promoter in the unstimulated cells could reflect the requirement of IL-4/anti-CD40 stimulation to fully activate the gene.
After stimulation by IL-4/anti-CD40, acetylation of histones H3 and H4 and H3 K4 trimethylation spreads into the S regions. These results confirm previous studies in the mouse which showed the accumulation of acetylated H3 and H4 at S regions stimulated to undergo CSR (24, 25, 48) . However, to our knowledge, this is the first such report in primary human B cells linking H3 and H4 acetylation and H3 K4 trimethylation to such stimulation. The spreading of these modifications into S␥ required IL-4/anti-CD40 stimulation, despite stimulation not greatly affecting ␥ germ-line gene transcription (27) . This result suggests that cytokine stimulation may have additional functions in chromatin remodeling, independent of its effect on transcription.
Trimethylation of H3 at lysine 9 (H3 K9 3m) has been viewed as a modification associated with silenced genes and heterochromatin formation (31, 32, 49) . When this modification was investigated across the locus (Fig. 2) , it was found to be enriched at the intergenic sequences (sets C, H, and O) and at the ELK22 pseudogene (set P). These sites were also enriched for H3 K27 3m; thus, it is conceivable that these modifications facilitate silencing at these sites. However, surprisingly H3 K9 3m was enriched at both ␥ and S regions (sets F and M) and CH exons (sets G and N) after IL-4/anti-CD40 stimulation. H3 K9 3m has recently been shown to be associated with actively transcribed genes as well as silenced regions (31, (50) (51) (52) . Thus, it would appear that H3 K9 3m can have dual roles within the cell, possibly dependent on its association with other marks (53) . The IgH locus is ''biallelically expressed,'' one allele having undergone a productive VDJ recombination event, whereas the other is unrearranged or nonproductively rearranged. It is known that the nonproductive allele is silenced by its nuclear location (54) , and possibly by a modified chromatin structure (55) . Because of the dichotomous nature of the locus, we cannot exclude the possibility that the detected H3 K9 3m may only associate with the silenced allele. However, if this were the case, it might be expected to be distributed more uniformly across the locus, and would be unlikely to respond to stimulation. The strong association of H3 K9 3m with the S regions after stimulation suggests that it may have a role in the regulation of CSR. This proposition is supported by recent reports linking two H3 K9 methyltransferase enzymes with switching to specific isotypes or Ig serum levels and human disease: Suv39h1 is linked to switching to IgA (56) , whereas SETDB2 is linked to serum IgE levels and atopic dermatitis (57, 58) .
The modifications described here suggest that a level of control of CSR exists in addition to, and occurring independently from, transcription. Woo et al. (59) observed a similar phenom-enon; they found that V H regions were constitutively transcribed and hypoacetylated, but that induction of somatic hypermutation (SHM) led to V H gene hyperacetylation in the absence of additional transcription. In addition to the changes we have described occurring at the Ig locus, AID expression is stimulated by IL-4/anti-CD40 (60) and must translocate into the nucleus to perform its function (61) . Therefore, it is evident that, as would be expected for such a potent and potentially harmful mutagenic activity, CSR is subject to multiple levels of control affecting both the proteins that carry out the activity and the DNA on which they act.
Materials and Methods
Cell Purification. B cells were isolated from tonsils obtained during routine tonsillectomies (ethical approval from GKT Hospital Trust). All patients gave informed consent and were uncharacterized with respect to atopy. Total B cells were isolated from the tonsil as previously described (62) and purity assessed by flow cytometry. B cell populations were routinely Ͼ95% CD19ϩ, with Ͻ5% contaminating CD3 ϩ T cells; Ϸ60% of these cells expressed IgM, with Ͻ2% IgG or IgE expressing cells (data not shown).
Cell Culture. B cells were cultured at 0.5 ϫ 10 6 cells per ml in RPMI medium (Invitrogen), supplemented with Transferrin (35 g/ml, Sigma-Aldrich), Insulin (5 g/ml, Sigma-Aldrich), penicillin and streptomycin antibiotics (Invitrogen) and 10% FBS (HyClone, Perbio Biosciences). Where indicated, media were supplemented with 1 g/ml anti-CD40 antibody (G28.5, ATCC) and 200 units per ml of IL-4 (R&D Systems). Fibroblasts were purchased from TCS Cellworks and cultured as recommended.
RNA Extraction and qRT-PCR Analysis.
Total RNA was extracted from 2 ϫ 10 6 cells by using a phenol/chloroform/GITC-based extraction kit (RNAwiz, Ambion). Genomic DNA contamination was removed by DNase I treatment (Turbo DNA-free Kit, Ambion); 5 g of RNA was primed with random hexamers and reverse transcribed by using SuperScript RT II (Invitrogen). Quantitative RT-PCR was performed on a 7900HT PCR machine (Applied Biosystems) by using TaqMan Universal PCR Master mixture (Applied Biosystems). All primer sets utilized TaqMan technology (Roche Molecular Systems), designed by using Primer Express (Applied Biosystems). Data were analyzed by using the accompanying software (SDS 2.1). To allow transcript expression levels to be compared across the locus, all qRT-PCR assays were quantified against a standard sample of genomic DNA and normalized to the expression of an endogenous control gene, ␤2-microglobulin; ␤2-microglobulin expression routinely had a Ct value four cycles less than primer set A (i.e., it was Ϸ16 times more abundant). In Fig 1A, paired t tests were performed on the data to determine statistically significant differences between the expression of primer sets A and B vs. H and I, and P vs. H and I. We also used t tests to determine the significance of the difference between the stimulated and unstimulated data for primer sets K and L.
Strand-Specific RT-PCR. RNA was isolated and DNase I treated as described above; 5 g of RNA was denatured at 70°C for 2 min and annealed to 2 pmol of strand-specific primers, or no-primers, in RT buffer (Invitrogen) at 50°C for 2 min. SuperScript RT II (Invitrogen) was added, and cDNA was made by RT at 50°C for 2 h. Quantitative RT-PCR was performed as described above. Data were analyzed by comparing the Ct values of the No primer control and the sense or antisense primed RT reaction (⌬Ct). The No primer control was set to an arbitrary value of 1 the relative amount of sense or antisense primed product calculated by 2 ⌬Ct , this figure was expressed as a percentage of the total (sense plus antisense plus no primer) product. It should be noted that a comparative analysis of the different primer sets cannot be made, because the efficiency of the differently primed RT reactions could not be assessed.
ChIP. Mononucleosomes and dinucleosomes were recovered from native chromatin and immuno-precipitated as previously described (63) . Briefly, 5 ϫ 10 7 cells were washed in PBS and lysed by swelling in detergent. Nuclei were isolated by centrifugation on a sucrose cushion. The nuclear pellet was resuspended in 1 ml MNase buffer and digested to mononucleosomes and dinucleosomes by incubation with MNase I (Amersham Bioscience). Soluble chromatin (mononucleosomes) was recovered after centrifugation to yield an S1 fraction; larger fragments (dinucleosomes) were released by dialysis overnight in 1 mM Tris⅐HCl, pH 7.5/0.2 mM EDTA (S2 fraction). Ten g of fraction S1 and S2 were made to 1 ml in ChIP buffer (50 mM NaCl/50 mM Tris⅐HCl, pH 7.5/5 mM EDTA) and incubated overnight with 4 g of antibody: anti-acetyl H3 (Upstate, 06-595), anti-acetyl H4 (Upstate, 06-866), anti-H3 K4 3m (Abcam, ab8580), anti-H3 K9 3m (Abcam, ab8898), or anti-H3 K27 3m (Upstate, 17-622); rabbit IgG was used as a control. ChIPs were incubated with 40 l of protein A magnetic beads (Miltenyi) for 1 h before separation on magnetic microcolumns (Miltenyi). DNA was phenol/chloroform extracted, and ethanol precipitated before analysis by qPCR. Protease (Sigma) and phosphotase (Calbiochem) inhibitor cocktails and 5 mM sodium butyrate (Sigma) were added to all ChIP solutions; qPCR was performed as described for qRT-PCR. Each sample was quantified against a serial dilution of input DNA, giving a ratio of IP/Input for each modification at each location in the locus. To control for differences in the IP efficiency between individual experiments, the mean ratio of IP/input was calculated for all locations across the locus for each modification. This ''mean IP efficiency'' was then used to normalize all data to a constant value.
